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I. INTRODUCTION
Magnetic force microscope (MFM) systems have been widely used for characterizing the magnetic recordings by detecting the magnetic interaction forces between the magnetic probe and the sample with nano resolution [1] , including the studies of the domain structures of nanocomposite [2] , thickness of thin film [3] and manipulation of vortexes [4] . In an MFM, a magnetic tip is coated with a magnetized layer (Fe/Co/Cr), the phase shift and amplitude signals of cantilever are usually detected for the imaging of magnetic samples with high resolution in ambient conditions [5] .
Due to the unique features including the high reactivity, high surface area and biocompatibility [6] , some of the magnetic materials such as magnetic nanoparticles (MNPs) have been widely used in life sciences and investigated for cancer diagnosis and treatment [7, 8] , drug delivery [9, 10] and magnetic resonance imaging (MRI) [11, 12] . Zou et al. [13] investigated the anticancer activity of doxorubicin-loaded magnetic nanoparticles (DOX-CMMN) on MCF-7 cells under an alternating current magnetic field (ACMF). The results indicated that DOX-CMMN could target the MCF-7 cells and control the release of drug under ACMF. Sadeghi et al. [14] studied the effects of Fe2O3 nanoparticles on the cytotoxicity of Hep G2 cells by incubation. The experiment results suggested that Fe 2 O 3 nanoparticles could reduce the cell viability and lead to the cell apoptosis. Venkatesha et al. [15] investigated the GO-Fe 3 O 4 as MRI contrast agent and analyzed its cytotoxicity, and the results showed that the particles were biocompatible to normal cells, but they were toxic to breast cancer cells.
The applications of MNPs in biomedicine are broadly. However, the distributions of the MNPs and their effects on morphological features of cells are unclearly in the reports. To study the effects of MNPs on biological samples and obtain the high resolution images of MNPs, there is the need for an MFM system working in liquid environments. Accordingly, the analysis of the effects of liquid on the magnetic imaging is essential.
In this work, the effects of liquid on MFM imaging were investigated, and the results were important for the application of the MFM in biomedicine.
II. MATERIALS AND METHODS
Mica with the size of 15 mm×15 mm×1 mm was used as the nonmagnetic sample and a hard disk cut into 10 mm×10 mm were used as the magnetic sample. All the measurements were implemented by JPK (NanoWizard®3, Germany) MFM system. The magnetic probe (Magnetic Multi 75-G, Budgetsensors) was used for the imaging and measurement of the samples in air and liquid environments. The typical resonance frequency of the probe was 75 kHz, the spring constant was 3 N/m, the cantilever length was 225 m and the tip height was 17 m. The liquid used in the experiments was ultrapure water and the ambient environment was a standard clean room.
The parameters of the magnetic probe including the resonance frequency, quality factor, spring constant and separation energy were obtained on the substrates of mica and hard disk in ambient and water environments, and they were detected with a height of 30 m from the hard disk and mica surface. Each group of the parameters were collected with at least 10 measurements, and the results were calculated as Mean±SD values.
III. THEORY
It is possible for an MFM to measure forces with different detecting techniques [16] and there are interaction forces between the magnetic dipole moment of the tip and the sample. Because of its high sensitivity and stability, the common method used for detecting the force gradient is to calculate the phase shift of an oscillation cantilever [5] .
The forces detected by MFM are purely magnetic static forces and they depend on the interactions of the magnetic dipole moment of the magnetic tip and the measured sample [17] . For the phase shift MFM imaging method, the phase signal of every point of the scanned area is recorded. The phase shift is proportional to the derivative of the force between the tip and the sample in the Z direction, and it can be expressed as [3, 18] =QF'/k (1) where Q and k are the quality factor and the spring constant of the cantilever, respectively.
The magnetic force acting on a volume element dV' in the tip can be given by [19] [20] [21] dF= 0 
(M(r')·H(r+r'))dV'
(2) where 0 is the magnetic permeability of free space, M(r') is the magnetization of the volume element in the tip, and H(r+r') is the stray field from the sample to the tip [17] . The tip can be simple to be a point probe with one magnetic element, then the magnetic force can be rewritten as [22] F m = 0 (m·H) (3) where m is the effective dipole moment of the tip.
F' is the magnetic force in the Z direction of the tip and it is detected by the cantilever of the probe. Thus, F' can be calculated by [21] In liquid environments, the forces interacted on the probe are quite complex. However, compared to the ambient environment, the van der Waals forces are reduced significantly, and the capillary forces are eliminated and electrostatic forces are minimized [23] [24] [25] . For the working magnetic probe, the magnetic force F M , drive force F D , hydrate force F H and noise force F N are coexisted, as shown in Fig.1 .
The probe is fixed at one end on the probe holder, and the piezoelectric actuator is fixed on the probe holder and adjacent to the probe. A voltage signal is applied to the actuator to drive the cantilever oscillation. A uniform beam is used to measure the deflection of the probe cantilever. When the probe vibrating in the liquid, the oscillation of the cantilever is significantly damped by the interaction forces between the water molecules and the probe surface, which is known as the hydration force [26] . In an AFM system, the laser is detected by optical position sensitive detector (OPSD). The displacement sensor noise and thermal displacement are the two major noises consisting of the frequency noise [27] . Thus, the magnetic forces between the sample and the probe are significantly affected in the liquid. 
IV. RESULTS AND DISCUSSION
To improve the quality of the MFM images obtained in the liquid environment, the parameters of the magnetic probe in air and liquid environments are analyzed. The MFM images of a hard disk obtained in both ambient and liquid environments are compared.
The resonance frequency of the magnetic probe in ambient and water environments is shown in Fig. 2 . The resonance frequency of the probe working in the ambient environment is 74.21 kHz and its amplitude is 1.52 V with the drive amplitude of 0.17 V, as shown in Fig. 2(a) . With the same drive amplitude, the resonance frequency of the probe tapping in the water is 28.61 kHz and its amplitude is 0.08 V, as shown in Fig.  2(b) . It is known that the amplitude is too low to scan the magnetic samples and acquire their magnetic features. The drive amplitude is increased to 1.90 V to improve the amplitude of the probe oscillating in the water, as shown in Fig.  2(c) . Then the amplitude is raised to 1.50 V with the resonance frequency of 27.2 kHz. It can be seen that the resonance frequency and its amplitude are affected significantly by the liquid. The amplitude can be improved by the increase of the drive amplitude.
The resonant frequency of the magnetic probe in ambient and water environments is collected on the mica and hard disk substrate surfaces, as shown in Fig. 3 . The resonant frequency values on the mica surface and hard disk surface are similar in the ambient environment, and the values are 72.02±0.01 kHz and 72.14±0.01 kHz, respectively. In the water, the resonant frequencies are 28.76±0.39 kHz and 28.72±0.18 kHz, respectively. It can be concluded that there are insignificant effects of substrate on the resonant frequency due to the hydration force of the water, and the resonant frequency are reduced significantly in the water.
The Q-factor of the magnetic probe in ambient and water environments are shown in Fig. 4 . In the ambient environment, for the mica sample the Q-factor is 192.48±22.97 and for the disk sample the Q-factor is 165.07±12.24. In the water, the Qfactor on the mica surface is 3.66±0.13 and on the hard disk surface is 3.68±0.16. It can be seen that the substrates have little effect on the Q-factor in the ambient environment but unaffected on it in the water environment. Because of the resistance of the water, the oscillation of the probe is significantly damped and the quality factor Q is reduced dramatically. Thus, the Q-factor in the air is larger than that in the liquid environment. The spring constants of the magnetic probe obtained in various environments are shown in Fig. 5 . In the ambient environment, the spring constant is 3.40±0.22 N/m for the mica substrate and it is 3.11±0.25 N/m for the hard disk substrate. It can be seen that the magnetic field has little effect on the spring constant of the magnetic probe in the air. In the water, the spring constant on the mica surface is the same as that on the hard disk, and the substrate has no effect on the spring constant.
From Fig. 4 and Fig. 5 , it can be seen that the reduction of the Q from the air to water is larger than the decrease of k from the air to water. Thus, (Q/k) air >(Q/k) water . For the same F', air > water , and the quality of MFM images is affected by liquid. In Fig. 6 , force-distance curves of the four groups are compared. It can be seen that the maximum adhesion forces (the lowest position of the curve) of the probe retracted from the disk and mica surfaces are significantly different in the ambient environment. It is because that there is a magnetic force (attractive/repulsive force) between the probe and the disk. However, due to the resistance of the liquid there are little differences between the disk and mica in the water environment. The retraction speed is 2.0 m/s. The phase shift signals are used for the imaging of hard disk obtained in air and water environments, as shown in Fig. 7 . Fig. 7(a) is obtained with the lift height of 50 nm and with the scan rate of 1.00 Hz, and the drive amplitude is 2.537 V in the air. It can be seen that the magnetic domain structures are clearly recognized in the air. Fig. 7(b) is acquired with the lift height of 20 nm and the scan rate of 0.5 kHz, and the drive amplitude of 3.387 V in the water. The magnetic domain structures cannot be found. Fig. 7(c) is observed with the lift height of 20 nm and with the scan rate of 0.5 kHz, and the drive amplitude is increased to 4.511 V in the water. It can be seen that the magnetic domains can be observed with the increase of the drive amplitude in the liquid environment. The lift height significantly influences the MFM imaging in the liquid, as shown in Fig. 8 . In the experiments, the scan rate is 0.60 Hz and the drive amplitude is 4.782 V. Fig. 8(a) is the topography image of the hard disk. Fig. 8(b) is obtained with the lift height of 10 nm. The topography significantly affects the MFM imaging, and the topography characters are clearly as shown in the figure with arrow. Fig. 8(c) is acquired by the increase of the lift height to 20 nm and the effect of the topography is reduced with the magnetic features enhanced. Fig. 8(d) is obtained with the lift height of 50 nm and there is little effect on the topography but the magnetic features are weakened. It can be concluded that the lift heights affect the topography and significantly influence the quality of MFM images. 
V. CONCLUSION
In this work, the effect of liquid on the parameters of the magnetic probe was investigated. It is found that the resonant frequency, amplitude, Q-factor and spring constant were reduced significantly in the liquid, and the MFM images were often with unclear magnetic features. To improve the quality of the magnetic images, the drive amplitude and the lift height should be adjusted. The results have shown that the magnetic features can be recognized with the increase of the drive amplitude and the appropriate lift height. 
